The fully CO 2 Me-substituted aquo-iridacyclopentadiene 1 reacts with a variety of aromatic aldehydes, at 90-120 ºC, with formation of bicyclic Fischer-type carbenes, generated by the transfer of the aldehydic H atom to a α-carbon of the metallacycle and concomitant bonding of the Oatom to the adjacent β-carbon. These carbenes have a thermodynamically favored anti configuration of these C-H and C-O bonds but it is proposed that an unobserved syn carbene is the kinetic primary product, which then easily epimerizes by adventitious water. Milder reaction conditions, 25-60 ºC, allow for the isolation of intermediate O-coordinated aldehyde adducts. While these reactions have been observed for a wide variety of aromatic aldehydes, 2-pyridinecarboxaldehyde behaves differently as the 2 reaction leads to a very stable N-adduct, in spite of two isomeric O-bonded adducts being formed as kinetic products,.
INTRODUCTION
Aldehydes are very important substrates in synthetic organic chemistry, as they can experience different types of transformations. The simple, normally metal-mediated, aldehyde decarbonylation 1, 2 (R-C(O)H → R-H + CO) is receiving increasing interest as more additional examples of the coupling of this process with different reactions are being developed. 3 Many more examples besides this report the use of aldehydes in other processes such as their dimerization to esters (Tishchenko reaction), 4 the preparation of biofuels from carbohydrate feedstock, 5 asymmetric synthesis, 6 the application as CO releasing molecules (CORM's), 7 etc.
Rh(I) and Ir(I) complexes are well known for their ability to effect, either stoicheiometric or catalytically, the decarbonylation of aldehydes. 8 If Ir(III)-R species are considered it has been found that, provided that there is a vacant coordination position easily available, their reaction with aldehydes afford carbonyl-Ir(III) complexes. This is best exemplified by the work of Bergman et al. in a cationic (C 5 Me 5 )Ir system 9 which is summarized in eq 1.
(1)
In the Tp Me2 Ir(III) system, we have reported on a similar behavior on the reaction of the diene derivative Tp Me2 Ir(CH 2 =C(Me)C(Me)=CH 2 ) with aliphatic and aromatic aldehydes, eventually yielding the Ir(III) carbonyl species A shown in Scheme 1, in a reaction that takes place first by formation of the 16 e -unsaturated Ir(III) species shown in the Scheme and then through a series of kinetic bicyclic
Fischer carbene "intermediates" to be commented in more detail below. However, a different outcome was observed on the reaction of the complex Tp Me2 Ir(C 2 H 4 ) 2 with the same substrates, in which, through the participation of the 16 e -unsaturated Ir(III) species shown in Scheme 2, an interesting coupling took place. In this case, the aldehyde experienced a nucleophilic attack of an alkenyl ligand, with the eventual formation of an elaborated chelating ligand. 11 Scheme 2. Reactivity of Tp Me2 Ir(C 2 H 4 ) 2 with aldehydes (refer. 11).
Very recently, we have described the thermal reactions of the fully CO 2 Me substituted Ir(III) In this contribution, we report on the very different reactivity that complex 1 shows against aromatic aldehydes, which lead to an interesting set of Ir(III) Fischer carbenes that resemble those obtained as intermediates in the reaction of Scheme 1 (see below).
RESULTS AND DISCUSSION

Formation of bicyclic Fischer carbenes
The reaction of the iridacycle 1 13 with benzaldehyde (1.5 equiv., C 6 H 6 , 120 ºC) leads to the bicyclic compound 2a in almost quantitative spectroscopic (NMR) yield (eq 2).
As can be observed, 2a is the result of an interesting coupling of the iridacyclopentadiene, after extrusion of water, with the aldehyde. The latter functionality has been transformed into a Fischer carbene ligand with its oxygen being bonded to one of the β-carbons of the original metallacycle and with the aldehydic hydrogen being stereoselectively transferred to the adjacent α carbon, anti with respect to the formed O-C bond. Species 2a has been completely characterized by spectroscopy 5 methods including single crystal X-ray diffraction studies. Inspection of both the 1 H and 13 C NMR spectra immediately reveals the lack of the 2:1 symmetry exhibited by the starting material 1 and thus independent resonances are observed for the nuclei of each of the pyrazolyl arms of the Tp Me2 ligand. In the 1 H NMR spectrum, the most characteristic resonance is a singlet at 5.24 ppm that corresponds to the Ir-CH(E)-proton that derives from the aldehydic H atom. In the 13 
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Similar reaction outcomes as the one depicted in eq 2 take place with a variety of aromatic aldehydes.
Thus, anisaldehyde, p-dimethylaminobenzaldehyde, p-nitrobenzaldehyde, and two thienylaldehydes provide the related compounds 2b-f in excellent spectroscopic yields (eq 3).
Probably due to steric reasons, the rotation around the C- 
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The second question concerns the lack of a clean decarbonylation of carbenes 2, under forced conditions. In comparison, this process was observed for derivatives B, 10 and more remarkably it was also the case when the same precursor 1 reacted, at 120 ºC, with aliphatic aldehydes (acetaldehyde and t Bu-aldehyde) where the Ir-carbonyl 1·CO and the corresponding alkane were formed 12 (see Schemes 1 and 3 in the Introduction). We have tried to understand this dichotomy through the use of DFT calculations to be described below.
Related metallacycles also experience this type of coupling. Thus, the benzo-annelated iridacyclopentadiene 1(C 6 H 4 ) 15 provides the corresponding carbene upon reacting with p-anisaldehyde (eq 4), while the three-CO 2 Me-substituted derivative 1(H) 16 does the same upon reacting with p-NMe 2 -C 6 H 4 C(=O)H (eq 5). Once again, in both complexes the aldehydic hydrogen appears in an anti relationship with respect to the formed O-C moiety.
(4)
As can be observed, formation of complex 2(H)c implies the selective binding of the aldehydic oxygen atom to the β-carbon that bears the hydrogen atom. This regioselectivity is accompanied by an increase of the reactivity of complex 1(H) with respect to 1 as 2(H)c is formed ca. one order of magnitude faster than the corresponding 2c. This may be the result of the H transfer being subjected to The O-coordinated aldehyde structure has been confirmed in the solid state by an X-ray study carried out with compound 3b. Figure 4 shows an ORTEP view of this derivative, along with some selected bond distances and angles. The metallacycle moiety is not affected by the coordination of the aldehyde, and the bond distances and angles are almost identical to those found in the parent compound 1. 14 The X-ray study also indicates that the rotamer present in solution, i.e. the one with the aldehydic C-H pointing towards the metallacycle, is also the one favoured in solid state. As can be observed, this disposition situates the aryl ring far away from the crowded metal-ligand environment, thus accounting for its free rotation observed by NMR. Other bond distances and angles fall within the expected values and need no further comment. The O-bonded aldehyde ligands are labile, as shown in the above-mentioned equilibration studies, and in some cases they may revert to the corresponding aldehyde and compound 1. This may prevent the proper purification and spectral characterization of some compounds 3, unless a significant amount of the corresponding free aldehyde is present in their solutions.
Isolation of intermediate O-coordinated aldehyde adducts
Upon heating in solution (C 6 H 6 , 90-120 ºC), the adducts of eq 6 transform into the corresponding carbenes 2. No intermediate species could be identified through monitoring the reactions by NMR, only the adducts 3 and the final carbenes 2 being observed throughout the process. Thus, the mechanism of the coupling reactions was investigated by DFT (see below).
The case of 2-pyridinecarboxaldehyde
The reaction of 1 with 2-pyridinecarboxaldehyde provides quite different results to those described so far. At 60 ºC, it results in the formation of the N-adduct 4 (eq 7).
Compound 4 is characterized in the 1 H NMR spectrum by the chemical shift of the aldehydic H atom at 6.88 ppm. This value is clearly shifted to a higher field with respect to the O-adducts described above, thus indicating that this functionality in 4 is in a different chemical environment. The NOESY experiment reveals an interaction between this H atom and two of the pyrazolyl methyl groups, thereby supporting that 4 is adopting the rotameric structure shown in eq 7. Furthermore, we have already 13 noticed that protons placed between two pyrazolyl arms of the Tp Me2 ligand experience considerable shielding due to the electronic ring currents of the heterocycles.
The bonding of the 2-pyridinecarboxaldehyde ligand in 4 was ascertained by single crystal X-ray diffraction studies. In Figure 5 , the molecular structure of this complex is represented, and the selected bond distances and angles collected are very similar to those observed in previously reported Tp Me2 Ir(III) The structure proposed for E is based on the high field shifts of the protons of the pyridyl residue in the 1 H NMR spectrum. Clearly, D and E can not interconvert via a simple rotation around the Ir←O bond and therefore this process has to take place intermolecularly, i.e. by extrusion and addition of the aldehyde ligand. As no species related to E are observed in any other case, we propose that the stabilization of this structure for this particular aldehyde may be due to a favourable π-stacking of the pyridyl and pyrazolyl aromatic rings. The formation of O-aldehyde adducts described in eq 6 is general for a wider variety of iridacycles.
Thus, we have studied their formation from the aquoiridacycloheptatriene 5 22 
This rotamer is also the preferred one in the solid state and Figure 6 shows an ORTEP view of the molecules of this compound, along with some selected bond distances and angles. As can be observed, the metallacycle features a boat structure with the central C=C bond pointing towards the metal centre as previously observed in related species 22, 23 The aldehyde ligand is coordinated to the iridium atom by the 17 oxygen atom and the Ir-O(1) bond distance is a normal one of 2.090(2) Å. Also, the two Ir-C(sp 2 )
bond lengths exhibit values in the expected range (2.044(4) and 2.049(4) Å). Another O-adduct 6g, is formed upon the reaction of complex 5 and 2-pyrrolcarboxaldehyde (eq 9).
NMR data once more support the solution structure depicted in eq 9 and it has also been confirmed in the solid state by an X-ray structure determination. Figure 7 shows an ORTEP representation of the molecule, along with some selected bond distances and angles. Because of the similarity of complexes 6c and 6g, no further discussion is required, although the presence of a hydrogen bond between the pyrrol NH group and one of the CO 2 Me oxygen atoms, O(8), can be of some interest. Finally and not unexpectedly in view of the structures of compounds 6c and 6g, these compounds do not transfer the aldehydic H atom to the β-carbon of the metallacycle even when heated at 120 ºC for prolonged periods of time. Note that in the case of adducts 3, the aldehydic H atom always points towards the metallacycle, and this probably facilitates the transfer to one of the double bonds; in the case of compounds 6c and 6g, these H atoms are located far from the metallacycle and the required rotameric conformation is probably too crowded to be accessible.
DFT calculated mechanism for the formation of bicyclic Fisher carbenes.
In a recent paper on the reactivity of complex 1 towards aliphatic aldehydes 12 we proposed a DFTbased mechanism for the observed decarbonylations, in which aldehyde C-H activation with H migration to a α-carbon of the iridacycle, followed by H back-migration onto the alkyl fragment of the resulting acyl ligand were the key steps in the reaction (Scheme 3). In this paper we report a related study to justify why in this case aliphatic aldehydes yield the bicyclic carbene complexes 2 instead of the expected decarbonylation product. This study uses benzaldehyde and a metallic model systems, in which the CO 2 Me fragments of the iridacycle unit of 1 were replaced by hydrogen atoms. QM:MM methods The results of this study suggest that formation of the bicyclic carbenes is kinetically preferred to decarbonylation. Despite the former is reversible, the latter may be prevented in the case of aromatic aldehydes by the high energy barrier required for H back migration from the metallacycle to the aryl moiety of the acyl intermediates (G C ).
It should be said that in our previous work 12 
CONCLUDING REMARKS
Three different iridacyclopentadienes, 1, 1(C 6 H 4 ) and 1(H), react with aromatic aldehydes forming initially, at 25-60 ºC, the O-adducts 3, which under more forcing conditions (90-120 ºC) transform into the bicyclic Fischer carbenes 2. These findings strongly contrast with the reactions of 1 with aliphatic aldehydes which, at 120 ºC and through O-adduct intermediates, lead to the Ir-carbonyl adduct 1·CO
and the corresponding alkane. In the latter case no bicyclic Fischer carbenes have been observed while no similar decarbonylation process takes place for the aromatic cases. Surprisingly, 2- analyzed or investigated by NMR in full. Compounds 1, 1(C 6 H 4 ), 1(H), and 5 were prepared by the procedures described in the literature.
Synthesis of the benzaldehyde derivative 2a.
To a stirred suspension of compound 1 (0.100 g, 0.126 mmol) in C 6 H 6 (3 mL), freshly destilled benzaldehyde (38.4 µl, 0.37 mmol) was added and the mixture was stirred for 12 h at 120 °C. After this period of time, the solvent was evaporated under vacuo, and the residue was subjected to column chromatography (silica gel) with a mixture of diethyl ether:hexane Synthesis of adduct 3d. This compound was prepared following the procedure described above for 3a, using p-nitrobenzaldehyde. Spectroscopic characterization was carried out in the presence of excess free aldehyde in order to prevent the displacement of the aldehyde by adventitious water. Data were collected over the complete sphere. Each frame exposure time were 10s or 20s (6g) covering 0.3 o in ω. Data were corrected for absorption by using a multiscan method applied with the SADABS program. 24 The structures of all compounds were solved by direct methods. Refinement, by full-matrix least squares on F 2 with SHELXL97, 25 was similar for all complexes, including isotropic and subsequently anisotropic displacement parameters. The hydrogen atoms were observed in the least Fourier Maps or calculated, and refined freely or using a restricted riding model. For 2(C 6 H 4 )b 0.5 molecules of diethyl ether by Ir were found in the least cycles of Fourier in two sites in the asymmetric unit, and were refined with restrained geometry and isotropic displacement parameters. [34] [35] [36] The structures of the reactants, intermediates, transition states, and products were fully optimized in gas phase without any symmetry restriction. 
